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a  b  s  t  r  a  c  t
Walleye  Sander  vitreus  is a  popular  sport-  and  food-ﬁsh  in  areas  surrounding  the Great  Lakes.  Walleye  are
mainly  provided  as food-ﬁsh  by  limited  capture  ﬁsheries,  but  have  potential  for proﬁtable  production
to  market-size  in recirculation  aquaculture  systems  (RAS).  Walleye  are  piscivorous  with  a  supposed
requirement  for ﬁshmeal  in  artiﬁcial  diets,  thus  little  information  is available  regarding  the effects  of
feeding  ﬁshmeal-free  diets  to  walleye.  During  this  study,  the  health  and  growth  performance  of juvenile
walleye  cultured  in RAS  were  compared  between  groups  fed  either  a traditional  ﬁshmeal-based  diet
(FM)  or  a low  phosphorous,  ﬁshmeal-free  (FMF)  diet.  Water  quality  and  waste  production  rates  resulting
from  feeding  each  diet  were  evaluated.  The  FM diet  contained  ﬁshmeal,  poultry  meal,  soybean  meal,
wheat  ﬂour,  and  blood  meal  proteins;  and  the  FMF  diet  used  poultry  meal, wheat  ﬂour,  soy  protein
concentrate,  and  corn  protein  concentrate  proteins.  The  only  lipid  source  used in the  FM  diet  was  ﬁsh  oil
from  menhaden,  whereas  the  FMF  diet  used  menhaden  oil  and  poultry  oil. Each  diet was  formulated  with
a  protein:  fat ratio  of  approximately  42/18.  Fish  (initial  weight  85  g  ﬁsh−1) were  cultured  in  6  replicated
RAS  for  9 months,  each  operated  with  99.9%  water  recycle  on  a ﬂow  basis,  a  mean  system  hydraulic
retention  time  of  135  days,  and  a mean  feed  loading  rate of  3.5  kg feed/m3 of  daily  makeup  water.  At
study’s  end,  mean  weights  ± standard  error  of  ﬁsh  fed  the  FM  and  FMF  diets  were  571 ± 26  and  589  ± 15  g,
respectively  (P > 0.05).  Cumulative  survival  for both  diet  treatments  was ≥98.5%.  Average  thermal  growth
coefﬁcient  (TGC),  condition  factor  (CF),  and  feed  conversion  ratio  (FCR)  were  similar  (P  >  0.05)  for  the  FM
and FMF  diets,  respectively:  TGC  was  0.82  ± 0.01  and  0.83  ±  0.02;  CF  was  1.05 ± 0.02  and  1.03  ± 0.02;  and
FCR  was  1.32  ± 0.02  and  1.27  ± 0.03.  Water  color  index  and  UV  transmittance  values  (P <  0.05)  indicated
slightly  clearer  water  in  RAS  where  the  FMF diet  was  fed.  Total  nitrogen  (TN)  was  greater  (P <  0.05)  in
the  culture  water  of  RAS  associated  with  the  FM  diet; however,  TN production  per  unit  feed  was  similar
between  treatments;  0.031  ±  0.010  kg  TN/kg  feed  for the  FM  diet  and  0.030  ±  0.009  kg  TN/kg  feed  for the
FMF  diet.  Total  phosphorous  (TP)  concentration  in the  culture  water  of  RAS  associated  with  the  FMF  diet
was 48%  of that  measured  for the  FM  diet; TP  produced  per  unit  feed  reﬂected  this  trend,  0.107  ±  0.003
vs.  0.0049  ±  0.006  kg TP/kg  feed  for  the  FM  and  FMF  diets,  respectively.  Average  ﬁllet  yield  (skin  and
scales  on)  of  ﬁsh  harvested  at the end of  the  trial was  47–49%  (P >  0.05).  Whole-body  and  ﬁllet  proximate
composition  was  similar  between  treatments;  however,  gonadosomatic  index  and  the  ratio  of  omega
6:  3 fatty  acids  was  greater  (P  < 0.05)  for walleye  fed  the  FMF  diet.  This was the  ﬁrst  study  of  its  kind  to
report  comparable  walleye  gro
culturing  this  species  in  RAS.  R
diet  formulation  increases  the  
the capital  investment  require
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. Introduction
In 2014, the European Union was the largest single market for
mported ﬁsh and ﬁshery products in the world. The United States
ollowed as the second largest, but qualiﬁed as the largest single-
ountry importer of seafood in the world (FAO, 2016). This data
ontinued a multi-decade deﬁcit trend that is in sharp contrast to
he record trade surpluses that U.S. farmers produce from terres-
rial agriculture (USDA-ERS, 2016). A variety of solutions are being
xplored that could lead to reduced reliance on imported seafood in
he U.S, including the research and development of modern produc-
ion system technologies. In particular, recirculation aquaculture
ystems (RAS) could be a viable alternative to traditional aquacul-
ure methods due to the ﬂexibility to site these systems as a result
f reduced water requirements and the ability to minimize pollu-
ion, as well as their capability to control and optimize the culture
nvironment and exclude obligate ﬁsh pathogens (Summerfelt and
inci, 2008; Martins et al., 2010; Davidson et al., 2016a). Recently,
AS have been described as a “maturing” technology (Dalsgaard
t al., 2015), which is supported by the growth in the number
f commercial facilities using RAS in North America and abroad
Dalsgaard et al., 2013; Summerfelt and Christianson, 2014).
With the adoption of RAS technology, other important industry
rends must be considered. For example, the supply of ﬁshmeal
rom marine resources for use in ﬁsh diets remains a concern
Hardy, 2010). Thus, expansion of intensive ﬁsh culture in RAS
equires feed formulations that utilize less ﬁshmeal, but still
esult in optimal ﬁsh performance and product quality, while also
emaining compatible with the production system and increasingly
tringent efﬂuent requirements. Traditional diets high in ﬁshmeal
an increase discharge of P in ﬁsh hatchery efﬂuents (Ketola and
arland, 1993; Hernandez et al., 2004; Brinker and Reiter, 2011;
avidson et al., 2013). Because P is the major nutrient associated
ith eutrophication of freshwater systems, feeding experiments
ave been underway for more than 25 years to ﬁnd means to pro-
uce low P diets (Ketola and Harland, 1993). This effort continues
o date with a focus on accessing novel diets using alternatives to
shmeal as a protein source (Davis et al., 1995; Luzier et al., 1995;
arrows et al., 2007; Weeks et al., 2010; Hixson et al., 2014). Recent
n-site research at the Conservation Fund’s Freshwater Institute
TCFFI) demonstrated that a grain-based diet signiﬁcantly reduced
 discharge from RAS (primarily in the system overﬂow) without
ompromising rainbow trout performance compared to a tradi-
ional ﬁshmeal-based diet (Davidson et al., 2013). Diets that reduce
hosphorous, as well as nitrogen, solids, and other nutrient dis-
harge, will help RAS facilities meet regulatory requirements and
hus increase the potential for placement of RAS throughout the
.S.
Commercial success of RAS operations also requires the selec-
ion of high-value ﬁnﬁsh species that can be effectively cultured
n these systems (De Ionno et al., 2006). Walleye Sander vitreus
epresent a niche-market species that has potential for proﬁtable
roduction in RAS. Walleye are a popular sport- and food-ﬁsh
pecies in states and provinces bordering the Great Lakes. In the
.S., walleye are only available as food-ﬁsh from wild-caught
roduct, predominantly provided by First Nations tribes from the
.S. and Canada (Summerfelt et al., 2010). Walleye are typically
ultured to ﬁngerling-size for recreational ﬁshing and for stock sup-
lementation in many Northern states (Summerfelt et al., 2011);
owever, limited research has been published that has evaluated
alleye cultured to food size (≥570 g; Summerfelt et al., 2010), par-
icularly using RAS (Summerfelt and Summerfelt, 1996). However,
alleye are congeneric to pikeperch (a.k.a. zander) Sander luciop-
rca (Stepien and Haponski, 2015) which are intensively cultured
n Europe (Steffens et al., 1996; Steenfeldt et al., 2010; Dalsgaard
t al., 2013; Pyanov et al., 2014), in a few cases in commercial RAS tongineering 75 (2016) 1–13
market size up to 1 kg (Dalsgaard et al., 2013). In 2011, total aqua-
culture production of pikeperch by European countries was 329
metric tons, 68% from Denmark and the Netherlands; one Danish
producer of food-size pikeperch using RAS reported plans to expand
production to 500 metric tons in a new RAS facility (Steenfeldt et al.,
2015). Production of food-sized pikeperch in RAS in Europe points
to the potential for walleye production in the United States.
The present study was  designed to evaluate production of
food-sized walleye in recirculation systems when feeding a low
phosphorus diet devoid of ﬁshmeal and compared to that of wall-
eye fed a traditional ﬁshmeal-based diet. The research was  focused
on evaluating the effects of these diets on walleye performance,
water quality, waste production, and food quality metrics using
relevant scale (9.5 m3) replicated RAS.
2. Methods
2.1. Fish
Walleye used for the study were 45 g, 8 months posthatch to
begin. Fish were obtained from the University of Wisconsin-Stevens
Point, Northern Aquaculture Demonstration Facility, Bayﬁeld, Wis-
consin, USA. A commercially licensed hauling company transported
ﬁsh from Wisconsin to TCFFI in Shepherdstown, WV,  USA. After
temperature acclimation, ﬁsh were equally distributed into six
identical RAS. Following a 3-week interval to accommodate for
post-transportation stress and mortality, the number of ﬁsh was
rebalanced among the 6 RAS (90 walleye/tank) to begin the diet
study.
2.2. Recirculation aquaculture systems
Six replicated recirculation aquaculture systems were used
(Fig. 1). Each RAS contained a water volume of 9.5 m3 and recir-
culated water through a 5.3 m3 dual drain culture tank, a radial
ﬂow settler, a microscreen drum ﬁlter with 60 m screens, a
1.65 m3 ﬂuidized sand bioﬁlter (3.66 m tall × 0.76 m dia.) loaded
with approximately 1 m of static silica sand, a geothermal heat
exchanger, a carbon dioxide stripping column, and a low head
oxygenator (LHO) (Fig. 1). For purposes of the study, small in-line
heaters (Aqualogic, San Diego, CA, USA) were installed within the
recycle loop to achieve system water temperatures optimal for
walleye culture of 23–24 ◦C (Summerfelt and Summerfelt, 1996).
2.3. Water exchange
Recirculating water ﬂows for each RAS were measured and
adjusted approximately biweekly using an ultrasonic liquid
ﬂowmeter (Digital Flow DF868, GE Panametrics, Waltham, MA,
USA). The total (adjusted) recirculating ﬂow was  343 ± 0.5 Lpm for
each RAS, including a continuous ﬂow of 228 ± 0.3 Lpm through
the ﬂuidized sand bioﬁlter, and 115 ± 0.4 Lpm through the heater
which bypassed the bioﬁlter and was  directed to the top of the
carbon dioxide stripping column (Fig. 1). Makeup water was not
continuously added to the systems; therefore, the RAS were oper-
ated at a 99.9% recycle rate on a ﬂow basis. Makeup water was
automatically added by a ﬂoat valve located in the pump sump
to account for water lost through evaporation and ﬂushing of set-
tled biosolids from the base of the radial ﬂow settler. Radial ﬂow
settlers were ﬂushed for 3 s daily (about 18.9 L/day) to remove cap-
tured solids from each system. The same settlers were completely
drained and sprayed out once weekly, accounting for 341 L/week
(90 gal/week) of water exchange. Approximately, 10% of the drum
ﬁlter backwash spray, which was new spring water, was found to
enter the RAS as makeup water due to some spray splashing off of
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he microscreens and into the system. Daily makeup water addi-
ion through the ﬂoat valve was totalized using a digital ﬂow meter
onnected to the makeup water inlet, and data were recorded daily.
.4. System operation
Carbon dioxide gas was injected into the LHO of each RAS in
rder to balance pH and to prevent calcium carbonate precipitation,
hich can cause severe scaling to unit processes when systems are
perated with high water recycle rates and low feed loading rates.
 hand-held pH meter was used daily to monitor pH levels and
o accordingly control system pH between 7.5–7.7. Sodium bicar-
onate was added as needed to maintain system alkalinities near
00 mg/L, which is optimal for nitriﬁcation. Dissolved oxygen was
aintained near 100% saturation. Water temperature of 24◦C was
argeted by programming the digital in-line heaters.
.5. Diet treatments
Walleye were fed a standard commercial sinking, ﬁshmeal-
ased diet (Skretting, Tooele, UT, USA) for approximately one
onth, from a few days after ﬁsh arrival until the experimental
iets were received (Day 1 of the study). The two diets used for
he study were a traditional ﬁshmeal-based diet (FM) and a low
hosphorous, ﬁshmeal-free diet (FMF) (Table 1). The primary pro-
ein ingredients used in the FM diet were ﬁshmeal, poultry meal, used in the present study (courtesy Kata Rishel, TCFFI Engineering Services).
soybean meal, wheat ﬂour, and blood meal; while the FMF  diet
was formulated with proteins from poultry meal, wheat ﬂour, soy
protein concentrate, and corn protein concentrate. The only lipid
source used in the FM diet was  ﬁsh oil from menhaden; lipids in the
FMF  diet included menhaden oil and poultry oil. Each diet was for-
mulated with a protein: fat ratio of approximately 42/18. Table 1
provides a detailed description of the ingredient proﬁle for each
diet. The diets were formulated and manufactured at the USDA-
ARS Fish Technology Center (Bozeman, MT,  USA). Fish in RAS 1, 3,
and 5 were fed the FM diet and ﬁsh in RAS 2, 4, and 6 were fed the
FMF  diet.
2.6. Feeding methods
Fish were fed using a computer operated feeding system (Fresh-
water Institute, Shepherdstown, WV,  USA), programmed to deliver
short feed bursts once an hour via automated feeders (T-drum
2000CE, Arvotec, Huutokoski, Finland). During the ﬁrst 2–3 weeks
of the study, feeding rates were maintained below apparent sati-
ation and kept equal between treatments to allow the ﬁsh to
acclimate to the change in diets. This acclimation period was  neces-
sary because the walleye were fed a standard ﬁshmeal-based diet
prior to the study; thus, an uninterrupted feeding response to the
FMF  diet was  not expected. After the walleye had acclimated to the
FMF  diet, feeding rates were gradually increased for all RAS. There-
after, adjustments to daily feed amounts were made separately per
4 J. Davidson et al. / Aquacultural Engineering 75 (2016) 1–13
Table  1
Ingredient and nutrient composition of experimental walleye diets.
Ingredient FM Diet FMF  Diet
Fishmeal a 29.42 –
Poultry meal b 18.82 31.20
Soybean meal c 18.32 –
Soy  protein concentrate d – 17.92
Corn protein concentrate e – 7.80
Blood meal 1.00 –
Wheat ﬂour f 17.79 22.41
Fish  oil g 12.65 5.00
Poultry oil – 8.50
Lysine HCl – 1.70
Methionine – 0.58
Threonine – 0.60
Taurine – 0.50
Dicalcium phosphate – 0.90
Potassium chloride – 0.56
Sodium chloride – 0.28
Magnesium oxide – 0.05
Vitamin premix h 1.00 1.00
Choline CL 0.60 0.60
Vitamin C i 0.30 0.20
Trace min  premix j 0.10 0.10
Calculated Composition, % as-is
Crude Protein 42.1 42.3
Lipid 18.0 18.1
Phosphorus 1.25 0.91
a Menhaden Special Select, Omega Proteins Corp, 610 g/kg crude protein.
b IDF Inc., 832 g/kg protein.
c ADM, 472 g/kg protein.
d Solae, Pro-Fine VF, 693 g/kg crude protein.
e Cargill, Empyreal 75, 756 g/kg crude protein.
f Manildra Milling, 120 g/kg protein.
g Omega Proteins Inc., Virginia Prime menhaden oil.
h ARS 702; contributed, per kg diet; vitamin A 9650 IU; vitamin D 6600 IU; vitamin
E  132 IU; vitamin K3 1.1 gm:  thiamin mononitrate 9.1 mg;  riboﬂavin 9.6 mg;  pyri-
doxine hydrochloride 13.7 mg;  pantothenate DL-calcium 46.5 mg; cyancobalamin
0.03 mg; nicotinic acid 21.8 mg;  biotin 0.34 mg;  folic acid 2.5 mg;  inostitol 600 mg.
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Table 2
Water quality parameters evaluated and methodologies for testing.
Parameter Method of Analysis
Biochemical oxygen demand Standard Methods 5210B − 5 day test (No
sample preﬁltration)
Dissolved carbon dioxide Hach Method 8233 − Burret Titration
Dissolved oxygen Hach SC100 Universal Controller & LDO® Probe
Dissolved metals Inductively Coupled Plasma Atomic Emission
Spectrometry technique
Nitrite nitrogen Hach Method 8507 − Diazotization
Nitrate nitrogen Hach Method 8171 − Cadmium Reduction
pH  Hach Model HQ40D with digital pH sensor
Temperature Hach SC100 Universal Controller & Differential
ORP Sensor
Total alkalinity Standard Methods 2320 − Sulfuric Acid
Titration
Total ammonia nitrogen Hach Method 8038 − Nessler
Total nitrogen Hach Methods 10071, 10072 – Persulfate
Digestion Method
Total phosphorous Hach Method 8190 − Acid Persulfate Digestion
Total suspended Solids Standard Methods 2540D − Dried at
103–105 ◦Ci Stay-C, 35%, DSM Nutritional Products.
j Contributed in mg/kg of diet; manganese 13; iodine 5; copper 9; zinc 40.
AS based on observations of wasted feed, which was  evaluated
aily by capturing settled waste ﬂushed from the bottom of each
adial ﬂow settler. Similar diet acclimation and feeding protocols
ave been used during other on-site diet trials carried out using the
ame replicated RAS (Davidson et al., 2013, 2016b).
.7. Photoperiod
Because of the unique nature of walleye vision, i.e., their pre-
erred light intensity is only 8–68 Lux (Lester et al., 2004), a dark
oom with in-tank lights is state-of-the-art for intensive walleye
ulture (Johnson and Summerfelt, 2015). Thus, for the present
tudy, the greenhouse facility in which the walleye were cultured
as covered with an opaque shade cloth and black plastic was  hung
round the culture area walls and draped around tanks to limit nat-
ral light. A constant 24-h photoperiod was provided using in-tank
ighting. Each culture tank was illuminated with an underwater LED
ighting system which consisted of a 12 V DC, 5 W assembly rated
or 280 lumens output, installed inside of a clear PVC enclosure.
.8. Water quality sampling and analysis
Water samples were collected weekly from the side drain of
ach tank and tested on-site. Speciﬁc parameters, methodologies,
nd frequencies of testing are outlined in Table 2. All water quality
arameters measured on-site were analyzed according to methods
escribed in APHA (2005, 2012) and HACH (2003). Water samples
or dissolved metals analysis were collected bimonthly and ana-True color Hach Method 8025 − Platinum-Cobalt
Ultraviolet transmittance Standard Methods 5910B − Ultraviolet
Absorption
lyzed by the Cornell University Nutrient Analysis Lab (Ithaca, NY,
USA). Alkalinity was  measured 2–3 times per week.
2.9. Fish sampling
Lengths and weights of a random sample of 40–60 ﬁsh (num-
ber dependent upon calculated sample size requirement (Kitchens,
1998)), were measured monthly over the ﬁrst 5 months of the
study and then bimonthly thereafter because handling of larger
ﬁsh caused a subsequent cessation of feeding for several days. Fin
erosion was  assessed qualitatively on a 3-point scale (severe = 3,
moderate = 2, low to no damage = 1) based on the degree of tis-
sue loss and tearing between ﬁn rays for all sampled ﬁsh at the
end of the study. Mortalities were removed and recorded daily in
order to track cumulative survival. Jumpers were not included in
survival calculations because these mortalities were unrelated to
treatment. Culling was  kept to a minimum. Condition factor (CF),
thermal growth coefﬁcient (TGC), and feed conversion ratios (FCR)
were calculated as follows and compared between treatments:
CF = 100, 000 ∗ Weight/(Length)3
TGC = 1000 ∗ (EndWeight(1/3) − StartWeight(1/3))
/(DaysBetween ∗ Avg.Temp.)
where weight is in grams and temperature is in ◦C.
FCR = CumulativeFeedDelivered/FishBiomassGain
2.10. Assessment of waste produced/kg feed
Three times during the study, dilute biosolids samples were col-
lected from the cumulative daily waste discharge from each RAS
that included: the drum ﬁlter backwash and the concentrated ﬂow
ﬂushed once daily from the cone-bottom of the radial ﬂow settler.
Backwash ﬂows from each of these locations were directed into a
large container for each RAS over a period of time, either a full day
or a portion of a day depending on the volume that could feasi-
bly be collected. When the given collection period was complete,
the sample was homogenized by stirring and samples were taken
for analysis of total nitrogen (TN), total suspended solids (TSS),
total phosphorous (TP), and biochemical oxygen demand (BOD).
ural Engineering 75 (2016) 1–13 5
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he resulting concentrations were used in mass balance calcula-
ions to determine waste production metrics. Other measurements
equired for an accurate mass balance assessment included: total
aily feed delivered (kg/day) and backwash volume collected (L).
eed was weighed into each feeder and feeders were regularly cal-
brated. The cumulative backwash volume collected was assessed
y pumping the backwash into a large container placed on a tared
oor scale. Total waste production within each efﬂuent stream was
stimated using the following mass balance calculation:
ass (kg waste/kg feed)=
(C) (mg)
L
∗ Total Sample Volume (L/day)
Total Feed During Period (kg)
∗ kg
106mg
where C = efﬂuent concentration. Treatment means for each feed
ype were calculated by averaging total waste production from the
hree respective RAS per treatment.
.11. Food quality analyses
At the end of the study, 12 walleye from each treatment were
etted, humanely euthanized and frozen for eventual whole body
ompositional analysis. In addition, 12 ﬁsh from each treatment
ere ﬁlleted with skin and scales on and frozen for future composi-
ional and fatty acid analyses. Walleye were not fed for 2 days prior
o slaughter. Head-on-gutted yield, skin-on ﬁllet yield, gonadoso-
atic index (GSI; calculated as gonad weight/whole body weight x
00), and ﬁllet color were also assessed. Proximate analysis was
onducted on samples of whole body ﬁsh, ﬁllets, and feed; and
atty acid analysis was conducted for ﬁllet and feed samples by
cientists at the Department of Animal and Nutritional Sciences at
est Virginia University (Morgantown, WV,  USA). Methods used
or proximate and fatty acid analyses are described in detail in
avidson et al. (2013). Fillet color was analyzed using a CR-400/410
hromameter (Konica Minolta Sensing Inc., Osaka, Japan).
.12. Statistical analyses
All parameters that were sampled during multiple events over
ime from the same location (ﬁsh performance, water quality,
nd waste production data) were analyzed using a mixed models
pproach, which assigned Tank as a random effect, thus buffering
otential variation arising from individual culture system effects
Ling and Cotter, 2003; Thorarensen et al., 2015). Time was included
s a random covariate in order to include data collected over the
ntire study for a given variable in the model, which also accounted
or associated variance. Normality was assessed using a Shapiro-
ilk test and non-Gaussian data were transformed for statistical
omparison. Survival percentage data was transformed for statisti-
al analysis using an arcsine square-root transformation (Bhujel,
008). The Student’s t-test was employed for analysis of prod-
ct quality metrics including: ﬁllet color, ﬁllet yields, fatty acids,
nd compositional data. A probability level of 0.05 was used to
etermine signiﬁcance. Statistical analyses were carried out using
YSTAT Version 13 (Systat Software, San Jose, CA, USA).
. Results
.1. Growth performance
When feeding of the research diets commenced, the initial
eights of ﬁsh from the FM and FMF  treatments were similar
P > 0.05), 84.1 ± 3.7 and 84.9 ± 4.1 g, respectively. Initial ﬁsh den-
ity was 1.5 kg/m3 for both treatments. Growth (weight) of both
roups closely overlapped throughout the 240-day study period
Fig. 2). Mean weights were not signiﬁcantly different at any sam-
ling point during the trial, and at the conclusion of the study wereFig. 2. Growth comparison of walleye from each diet treatment. Vertical dotted line
indicates initiation of diet treatments (Day 1 of the study).
571 ± 26 and 589 ± 15 g, for the FM and FMF  treatments, respec-
tively. Likewise, average thermal growth coefﬁcients over the trial
duration were nearly identical for walleye fed the FM and FMF  diets,
0.82 ± 0.01 and 0.83 ± 0.02, respectively (Fig. 3). There was  no dif-
ference (P > 0.05) in average ﬁsh condition factor at the end of the
study for the FM and FMF  treatments, 1.05 ± 0.02 and 1.03 ± 0.02,
respectively. Average ﬁsh density at the conclusion of the study
was approximately 10 kg/m3 for both treatments, a 7-fold increase
in 240 days from start-feeding of the research diets to the end of
the trial.
3.2. Survival
Cumulative walleye survival was  99.6 ± 0.4% for the FM treat-
ment and 98.5 ± 0.4% for walleye fed the FMF  diet (P > 0.05).
Maximum mortality observed in a given RAS over the entire study
period was  two ﬁsh. Walleye survival was  100% in two tanks asso-
ciated with the FM diet treatment.
3.3. Feeding and feed conversion
Feeding rate (daily ration as percent of tank biomass; Fig. 4)
and FCR were similar (P > 0.05) between treatments throughout
the study. Feed conversion ratio for ﬁsh fed the FM and FMF  diets
was1.32 ± 0.02 and 1.27 ± 0.03, respectively. Feed conversion ratio
gradually increased with ﬁsh age and size (Fig. 5).
3.4. Fin quality
Fin quality scores for pectoral, pelvic, anal, and second dorsal
ﬁns trended towards values associated with low to no damage
(1.2–1.5); whereas caudal and ﬁrst dorsal ﬁn scores trended slightly
towards values associated with moderate damage (1.6–1.7) (Fig. 6A
and B). There were no differences in ﬁn quality between treatments
(P > 0.05).
3.5. System ﬂushing and feed loading
The 6 RAS were operated with minimal water exchange due
to the relatively low biomass and feeding rates. The average
daily system hydraulic retention times for the FM and FMF  diets
were 144 ± 11 and 127 ± 22 days, respectively (approximately 4.5
months). The resultant feed loading rates for the FM and FMF
diets were 3.7 ± 0.3 and 3.4 ± 0.7 kg feed per daily volume (m3) of
makeup water utilized (P > 0.05; Table 3).
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Fig. 3. Mean thermal growth coefﬁcient with size for walleye fed each diet over the study duration.
Fig. 4. Average daily percent body weight feed calculated at each ﬁsh sampling interval relative to ﬁsh size for each diet treatment.
Fig. 5. Average feed conversion ratio calculated for periods between each ﬁsh sampling event for each diet treatment.
Table 3
Daily system makeup water, ﬂushing and feed loading rates (n = 3; mean ± 1 standard error) calculated for the study duration. A system volume of 9.5 m3 was used to calculate
system  hydraulic retention time.
Daily Makeup Water (m3) System Hydraulic Retention (days) Average Daily Feed (kg) Feed Loading (kg feed/m3 daily makeup)
FM Diet 0.067 ± 0.005 144 ± 11 0.247 ± 0.004 3.7 ± 0.3
FMF  Diet 0.079 ± 0.013 127 ± 22 0.252 ± 0.008 3.4 ± 0.7
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Fig. 6. A. Example of front dorsal ﬁn of walleye with moderate damage deﬁned by receding tissue between the spiny ﬁn rays. B. Example of caudal ﬁn with moderate damage
deﬁned  by frayed edges of the ﬁn.
Table 4
Culture tank water quality concentrations (n = 3; mean ± 1standard error) for each
diet treatment. Units are mg/L, unless otherwise noted.
Parameter (mg/L) Fishmeal Fishmeal-free
Alkalinity 205 ± 4 191 ± 3
Biochemical oxygen demand 0.42 ± 0.01 0.44 ± 0.02
Carbon dioxide 14 ± 1 15 ± 1
Color (Pt-Co units) * 20.8 ± 1.4 17.3 ± 0.4
Dissolved oxygen 8.51 ± 0.04 8.50 ± 0.02
Heterotrophic bacteria (cfu/mL) 959 ± 196 675 ± 94
Nitrate nitrogen 39 ± 2 37 ± 1
Nitrite nitrogen 0.007 ± 0.001 0.007 ± 0.001
Oxidative reduction potential (mV) 289 ± 7 280 ± 6
pH  7.66 ± 0.01 7.65 ± 0.02
Temperature (◦C) 23.9 ± 0.02 23.9 ± 0.01
Total ammonia nitrogen * 0.083 ± 0.002 0.072 ± 0.002
Total nitrogen * 39.4 ± 1.0 36.5 ± 0.5
Total phosphorous * 1.73 ± 0.09 0.83 ± 0.03
Total suspended solids 0.73 ± 0.09 0.75 ± 0.06
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Table 5
Culture tank dissolved metals and nutrient concentrations (n = 3; mean ± 1 standard
error) for each diet treatment.
Parameter (mg/L) FM Diet FMF Diet
Barium* 0.384 ± 0.011 0.242 ± 0.004
Calcium 147 ± 2 143 ± 1
Chloride 121 ± 40 81 ± 13
Copper* 0.045 ± 0.009 0.033 ± 0.003
Magnesium 16.0 ± 0.1 15.7 ± 0.03
Manganese 0.10 ± 0.01 0.10 ± 0.01
Molybdenum 0.0124 ± 0.0003 0.0119 ± 0.0008
Phosphorous* 1.95 ± 0.12 0.85 ± 0.06
Potassium 6.6 ± 0.4 5.8 ± 0.1
Silicon 7.0 ± 0.1 6.9 ± 0.2
Sodium 145 ± 42 95 ± 11
Strontium 1.15 ± 0.02 1.12 ± 0.01
Sulfur* 12.2 ± 0.1 13.8 ± 0.1Ultraviolet transmittance (%) 77.9 ± 0.1 81.4 ± 0.3
* Indicates signiﬁcant difference (P < 0.05) between treatments.
.6. Water quality
All water quality variables that could be controlled, including
lkalinity, carbon dioxide, dissolved oxygen, pH, and tempera-
ure, were kept similar (P > 0.05) between treatments (Table 4).
here were no differences (P > 0.05) between diets for the following
arameters: biochemical oxygen demand, heterotrophic bacteria,
itrate nitrogen, nitrite nitrogen, oxidative reduction potential, and
otal suspended solids (Table 4). Watercolor values were lower
P < 0.05) for the FMF  diet and UV transmittance was greater
P < 0.05), indicating slightly clearer water resulting from feeding
he FMF  diet. In addition, total ammonia nitrogen and total nitro-
en were lower (P < 0.05) in the culture water of RAS associated
ith the FMF  diet.
During the ﬁrst 5 months of the study, system alkalinity
as maintained at ≥200 mg/L through addition of spring water
makeup) with a mean alkalinity ≥250 mg/L. During the ﬁnal
 months of the study, small amounts of sodium bicarbon-
te (NaHCO3) were added to maintain system alkalinity near
00 mg/L. The RAS used for the FMF  treatment required signiﬁ-
antly more cumulative addition of NaHCO3, 2.6 ± 0.1 kg compared
o 2.1 ± 0.1 kg for the FM diet, or 0.092 ± 0.001 and 0.078 ± 0.002 kg
aHCO3 per kg feed, respectively.
A signiﬁcant difference (P < 0.05) in total phosphorous in the
ulture water was observed between treatments. The mean TP
oncentration in the culture water for the FMF  treatment was
.84 ± 0.05 mg/L, which was roughly half (48%) of TP measured
or the FM treatment (1.73 ± 0.09 mg/L). Phosphorous concentra-
ions measured for each diet treatment separated soon after feedingZinc 0.134 ± 0.025 0.089 ± 0.009
* Indicates signiﬁcant difference (P < 0.05) between treatments.
of the research diets commenced (Fig. 7). A signiﬁcant difference
(P = 0.000) in TP was exhibited between treatments throughout
most of the study (Fig. 7).
The concentrations of many elements were less than minimum
detection limits (<MDL) including: aluminum, arsenic, boron, cad-
mium,  chromium, cobalt, iron, lead, nickel, selenium, titanium,
and vanadium. In addition, there were no differences (P > 0.05)
between treatments for calcium, chloride, magnesium, manganese,
molybdenum, potassium, silicon, sodium, strontium, and zinc. The
dissolved concentrations of barium, copper, and phosphorous were
lower (P < 0.05) in the culture water of the FMF  treatment tanks,
while sulfur was  lower in the culture water of RAS associated with
the FM diet (Table 5).
3.7. Waste production
There were no differences (P > 0.05) in waste production metrics
for total suspended solids, total nitrogen, or biochemical oxygen
demand. However, TSS and BOD trended towards slightly lower
levels of waste production for the FMF  treatment (Table 6). Mass
balance calculations for total phosphorous produced per kg feed
reﬂected the same trend as measured for the culture water, i.e.,
the TP waste produced by feeding the FMF  diet (0.0049 ± 0.0006 kg
TP/kg feed) was approximately half (46%) of the TP waste produced
per kg feed by the FM diet (0.0107 ± 0.0027 kg TP/kg feed) (Table 6).
3.8. Drum ﬁlter and backwash dataThere were no differences (P > 0.05) between treatments for
drum ﬁlter operation metrics assessed over the duration of the
study including the cumulative number of drum ﬁlter backwashes
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Fig. 7. Mean total phosphorous concentration (mg/L) in the culture water for each diet treatment measured weekly over the study duration.
Table 6
Waste per kg feed (n = 3; mean ± 1 standard error) produced for each diet in the RAS backwash including total suspended solids, total phosphorous, total nitrogen, and
biochemical oxygen demand.
Month of Sample Collection (2013)
Diet Waste Metric (kg/kg feed) April July September Study Mean
FM Diet TSS 0.302 ± 0.052 0.240 ± 0.042 0.337 ± 0.041 0.293 ± 0.028
FMF  Diet TSS 0.210 ± 0.019 0.207 ± 0.037 0.324 ± 0.012 0.247 ± 0.038
FM  Diet TP * 0.0106 ± 0.0013 0.0086 ± 0.0012 0.0160 ± 0.0031 0.0107 ± 0.0027
FMF  Diet TP * 0.0051 ± 0.0002 0.0035 ± 0.0010 0.0059 ± 0.002 0.0049 ± 0.0006
FM  Diet TN 0.020 ± 0.002 0.022 ± 0.003 0.051 ± 0.002 0.031 ± 0.010
FMF  Diet TN 0.016 ± 0.001 0.025 ± 0.005 0.046 ± 0.002 0.030 ± 0.009
FM  Diet BOD 0.100 ± 0.022 0.168 ± 0.009 0.180 ± 0.063 0.149 ± 0.025
FMF  Diet BOD 0.061 ± 0.013 0.172 ± 0.016 0.115 ± 0.009 0.116 ± 0.032
* Indicates signiﬁcant difference (P < 0.05) between treatments.
Table 7
Cumulative drum ﬁlter operation data collected over the study duration (n = 3;
mean ± 1 standard error) including: number of drum ﬁlter backwash cycles and
cumulative backwash volumes used.
Parameter FM Diet FMF Diet
Cumulative Number Drum Filter Backwashes 22,781 ± 1763 26,312 ± 2960
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Table 8
Product yield, gonadosomatic index, and ﬁllet color (mean ± 1 standard error) of
walleye from each diet treatment at the conclusion of the study (n = 12). Skin-on
ﬁllets were not descaled.
FM Diet FMF  Diet
Fish Weight (g) 645 ± 43 696 ± 34
Head-On-Gutted yield (%) 90.0 ± 0.4 89.9 ± 0.7
Skin-On Fillet Yield (%) 47.1 ± 0.6 48.8 ± 0.7
Gonadosomatic Index (%) * 0.35 ± 0.09 0.89 ± 0.14
Fillet Color L * 38.8 ± 0.3 39.9 ± 0.3
Fillet Color a −0.41 ± 0.09 −0.50 ± 0.10Cumulative Backwash Volume (gal) 10,433 ± 1005 12,310 ± 1602
Daily Backwash/Recycle Flow Ratio (%) 0.034 ± 0.003 0.040 ± 0.005
nd the cumulative volume of backwash water utilized (Table 7).
n addition, there was not a difference in the ratio of backwash
equired compared to the RAS recycle ﬂow rate (Table 7). Although
igniﬁcant differences were not detected, these data indicate that
lightly greater operation of the drum ﬁlter and in turn a greater
olume of backwash water was required for RAS associated with
he FMF  diet.
.9. Product quality
After approximately 2.5 months of extended culture, 12 ﬁsh
rom each treatment were ﬁlleted to determine product quality
Tables 8–10 ). Mean whole body weights of sampled ﬁsh from the
M and FMF  treatment were 645 ± 43 and 696 ± 34 g, respectively.
ead-on-gutted (HOG) yield of walleye from both treatments was
pproximately 90% (Table 8). Skin-and-scale-on ﬁllet yield for the
M and FMF  diets was 47.1 ± 0.6 and 48.8 ± 0.7%, respectively.
onadosomatic index was generally low, but was greater (P < 0.05)
or walleye fed the FMF  diet (Table 8). Fillet color − lightness (L*)Fillet Color b * −3.61 ± 0.09 −2.83 ± 0.16
* Indicates signiﬁcant difference (P < 0.05) between treatments.
and yellow (b*) scores were greater (P = 0.018; 0.000) for wall-
eye fed the FMF  diet (Table 8). There was no signiﬁcant difference
in red (a*) color scores between treatments. Differences between
treatments were not signiﬁcant for any whole body or ﬁllet com-
positional traits: moisture, protein, fat, or ash (Table 9). In addition,
no differences were detected in the proximate composition of feed
used for each treatment, with the exception of greater ash content
in the FM diet (P = 0.004; Table 9).
The sum of the following omega-3 fatty acids was designated
total n-3 content in ﬁllets: 1) linolenic acid − ALA − 18:3, n-3;
2) eicosatrienoic acid − ETE − 20:3, n-3; 3) eicosapentaeonic acid
−EPA − 20:5, n-3; and 4) decosahexaeonic acid − DHA − 22:6, n-3.
Total omega-3 fatty acids available in the raw ﬁllets of walleye fed
the FM and FMF  diets was 0.76 ± 0.05 and 0.71 ± 0.07 mg/g, respec-
tively (P > 0.05). DHA was  available in walleye ﬁllets from each
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Table  9
Proximate composition (mean% ± 1 standard error) of whole body (n = 12) and ﬁllet
(n = 12) of ﬁsh with scales and that of feed (n = 4) for each diet treatment.
Whole Body Compositiona FM Diet FMF  Diet
Moisture (%) 68.4 ± 0.5 68.9 ± 0.5
Protein (%) 18.6 ± 0.2 19.0 ± 0.2
Fat (%) 7.9 ± 0.5 6.7 ± 0.7
Ash (%) 4.8 ± 0.2 4.9 ± 0.1
Fillet Compositiona
Moisture (%) 74.1 ± 0.2 73.9 ± 0.4
Protein (%) 21.1 ± 0.3 21.4 ± 0.2
Fat (%) 2.2 ± 0.2 2.5 ± 0.3
Ash (%) 3.5 ± 0.1 3.4 ± 0.1
Feed Composition
Moisture (%) 5.5 ± 1.4 5.9 ± 1.4
Protein (%) 43.0 ± 0.4 43.9 ± 1.1
Fat (%) 17.3 ± 0.6 16.5 ± 1.0
Ash (%) * 9.9 ± 0.4 6.4 ± 0.6
a Fish were not descaled.
* Indicates a statistical difference (P < 0.05) between treatments.
Table 10
Summary of fatty acid measurements (mg/g) in walleye fed the ﬁshmeal-based and
ﬁshmeal-free diets and corresponding fatty acid measurements of the feed for each
diet treatment.
Walleye Fillets Feed
mg/g FM Diet FMF  Diet FM Diet FMF Diet
n-3 0.76 ± 0.05 0.71 ± 0.07 1.58 ± 0.15 1.23 ± 0.29
n-6 0.29 ± 0.02 0.46 ± 0.04 * 1.62 ± 0.33 2.20 ± 0.29
n-6: n-3 0.38 ± 0.02 0.66 ± 0.02 * 1.11 ± 0.35 2.18 ± 0.64
EPA 0.010 ± 0.001 0.014 ± 0.002 * 0.031 ± 0.002 0.020 ± 0.005
d
w
i
t
(
−
l
f
e
r
a
i
f
f
4
4
e
s
(
w
i
a
e
a
C
(
s
(DHA 0.68 ± 0.04 0.62 ± 0.06 1.31 ± 0.17 0.90 ± 0.28
* Indicates a statistical difference (P < 0.05) between treatments.
iet treatment (Table 8). EPA was signiﬁcantly lower (P < 0.05) in
alleye ﬁllets from the FMF  treatments; however, the difference
n mean EPA between treatments was only 0.04 mg/L and rela-
ively low EPA levels were measured in ﬁllets from both treatments
Table 10). Three detectable omega-6 fatty acids, 1) calendic − CA
 18:3, n-6; 2) linoleic − LA − 18:2, n-6c; and 3) dihomo-gamma-
inoleic − DGLA − 20:3, n-6 were used to calculate total omega-6
atty acid levels in ﬁllets. Omega-6 fatty acids in the ﬁllets of wall-
ye fed the FM and FMF  diets were 0.29 ± 0.02 and 0.46 ± 0.04 mg/g,
espectively (P < 0.05); resulting in omega 6: 3 ratios of 0.38 ± 0.02
nd 0.66 ± 0.02, respectively (P < 0.05). Fatty acid levels measured
n the feed generally reﬂected trends measured for ﬁllets, but dif-
erences were not detected between treatments due to variation in
atty acid levels among feed samples (Table 10).
. Discussion
.1. Alternate walleye diets and performance metrics
The development of specially formulated artiﬁcial diets for wall-
ye production is still relatively nascent (Beyerle, 1975), with
erious progress beginning only within the last several decades
Barrows and Lellis, 1996). Considering this and the fact that
alleye are a piscivorous species, it is not surprising that lim-
ted research has been conducted to evaluate walleye diets with
lternate ingredients to ﬁshmeal and ﬁsh oil. A few studies have
valuated alternate ingredient diets for walleye, but mainly with
 focus on ﬁsh oil replacement (Summerfelt and Clayton, 2007;
layton et al., 2008). In a 91-d feeding trial, Summerfelt and Clayton
2007) evaluated the use of alternative oils (menhaden, ﬂaxseed,
oy, and microalgae oil) in walleye diets; differences in ﬁnal weight
113–132 g), relative growth, and speciﬁc growth rates were notngineering 75 (2016) 1–13 9
statistically different. In a subsequent 63-d study, differences in
relative growth, speciﬁc growth rate, or ﬁnal mean weight were
not signiﬁcantly different between walleye fed a walleye grower
diet with 10% soy oil compared with walleye fed a diet with 11.8%
menhaden oil (Clayton et al., 2008). Thus, ﬁsh oil has been partially
replaced in walleye diets with alternative lipid ingredients with
some success. Bhardwaj et al. (2002) evaluated various diet formu-
lations for walleye, some which utilized alternate proteins derived
from soybeans, wheat, corn, and blood meal, including a ﬁshmeal-
free diet that blended these ingredients which was formulated for
rainbow trout. However, walleye consumed the ﬁshmeal-free diet
at 80% of the consumption rate of the ﬁshmeal-based diets and
growth was just 20% compared to that measured for walleye fed
ﬁshmeal-based feeds (Bhardwaj et al., 2002). A few papers are
available that describe research conducted with alternate ingre-
dient diets for pikeperch (e.g., Molnar et al., 2006; Kowalska et al.,
2010, 2012); however; much-like former diet trials conducted with
walleye, these studies evaluated alternate lipids in the diets. To the
authors’ knowledge, there has been no published work that has
assessed the complete replacement of ﬁshmeal protein in diets that
were speciﬁcally formulated for walleye or pikeperch, particularly
in conjunction with culture of these species in RAS.
During the present study, a diet devoid of ﬁshmeal (FMF) but
with replacement proteins from poultry byproducts, soy protein
concentrate, and corn protein concentrate and with a portion of
ﬁsh oil replaced with poultry oil was  found to be a viable alternate
ingredient diet for walleye cultured in RAS. All growth, health, and
performance metrics assessed, including growth rates, feed conver-
sion, condition factor, and ﬁn condition were similar (P > 0.05) for
walleye fed the ﬁshmeal-free diet compared to walleye offered the
traditional ﬁshmeal-based diet. Minor ﬁn damage was noted, but
ﬁn scores indicated that damage was similar between treatments
and was  relatively trivial compared to the degree of ﬁn erosion
described during a previous study evaluating the intensive culture
of walleye and hybrid walleye (Clayton et al., 1998).
Fish densities (1.5–10 kg/m3) in the present study were substan-
tially lower than reported densities of 35.8 to 36.7 kg/m3 for 482 g
walleye (Summerfelt and Penne, 2005) in a commercial RAS cul-
ture system, or that of 34.7 to 39.2 kg/m3 for 189–218 g walleye
in an experimental RAS (Harder et al., 2012). Density was  limited
only by the availability of ﬁsh for the study, rather than by sys-
tem water quality or design requirements. It is not obvious as to
whether increased ﬁsh density would inﬂuence the conclusions of
the present study; thus, additional research using similar diet for-
mulations but carried out with walleye densities more common to
intensive, commercial culture would be useful.
Average feed conversion ratios for the FM and FMF  diets (1.27
and 1.32, respectively) and the range in FCRs measured over the
study duration for each diet (1.12–1.76) were generally lower than
the values of 1.48 to 2.20 reported by Summerfelt and Penne (2005)
or the 2.72 to 2.13 reported by Harder et al. (2012). Therefore, FCR
measurements from the present study appear to be quite accept-
able, despite encountering challenging conditions for feed intake
such as the use of relatively shallow dual-drain culture tanks, rapid
pellet settling characteristics, and fast (within seconds to minutes)
solids removal from the circular tank due to optimized hydrody-
namics. Average FCR for both treatments followed an expected
gradual increase with increasing ﬁsh size (Fig. 5).
Although performance metrics were mainly unaffected by diet,
one major difference between treatments was that ﬁsh took 2–3
weeks to acclimate to a change from the ﬁshmeal-based diet to
the diet without ﬁshmeal. An acclimation period was planned for
because all ﬁsh were accustomed to a traditional ﬁshmeal diet.
During this period, feed amounts delivered to each RAS were pur-
posefully kept equal between treatments so that walleye could
adjust to the diet change and so that comparative growth per-
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ormance results would not be skewed. When ﬁsh that were
reviously fed a traditional ﬁshmeal-based diet were ﬁrst offered
he FMF  diet they were observed engulﬁng and mouthing the feed
hen spitting it out. These observations suggest an initial feed
alatability issue. It is unclear whether the texture or the taste of
he FMF  diet, as affected by lipid source, amino acid supplementa-
ion (Rawles et al., 2006), or other factors, inhibited an immediate
eeding response. Palatability of high quality poultry byproducts
uch as that used in the FMF  diet generally has not been identiﬁed
s a problem for carnivorous ﬁsh (Rawles et al., 2006; Sealey and
ardy, 2011). However, to the authors’ knowledge poultry byprod-
cts have not been previously evaluated in diets fed to walleye;
herefore, the same response should not be assumed. Although
he alternative proteins were suitable for growth (i.e., similar to
hat of a ﬁshmeal-based diet), these observations suggest a need
o focus research on improvements to feed palatability for the FMF
iet formulation. In addition, research is needed to determine the
uitability of this formulation for other life stages, such as ﬁsh
85 g, but especially during the critical interval when ﬁsh are habit-
ated to manufactured feed. If walleye are weaned to alternate
rotein diets at younger life stages, it could eliminate or reduce an
cclimation period. Alternatively, traditional ﬁshmeal-based diets
nd ﬁshmeal-free diets could be mixed to wean walleye off of
shmeal-based diets. In addition, the feeding strategy used during
he present study was to feed ﬁsh around the clock, thus maintain-
ng consistent environmental conditions in the RAS. An alternative
trategy might be to allow an extended off-feed period for walleye
o increase their level of hunger. The trade-off to this approach is
ider ranging water quality conditions within the RAS.
.2. System ﬂushing and feed loading
The stringently controlled RAS ﬂushing rates produced simi-
ar (P > 0.05) water quality between treatments (Tables 4, 5). Of
articular note, mean nitrate nitrogen concentrations were much
he same between treatments, which reﬂected controlled ﬂush-
ng and dilution rates in the absence of denitriﬁcation. Flushing
ata indicated that it would take, on average, 4.5 months for the
ntire RAS volume to be fully replaced with new water. Despite the
ong hydraulic retention time, the resultant feed loading rates were
omparable to speciﬁcations used and recommended by TCFFI for
almonids cultured in similarly operated RAS (Davidson et al., 2011,
013), due to the low ﬁsh biomass and feed amounts. Therefore,
he system water quality concentrations were pushed toward lev-
ls that would likely be representative for a commercially operated
AS designed for walleye. For the purposes of the present study, the
ight water exchange rates also allowed for maintenance of opti-
al  water temperature, between 23–24 ◦C, and likely conserved
ome energy required to heat the water and the room. The percent
ody weight feeding rates (Fig. 4) utilized during this study could
e used as a guide for approximate feed amounts when feeding
alleye under similar culture conditions.
.3. Water quality
In addition to providing comparable growth performance, the
MF  diet also provided enhanced water quality, resulting in TP
oncentrations in the culture water that were about half (48%) of
alues recorded for the FM diet. Several studies have shown that
hosphorous digestibility and retention is greater for ﬁsh fed diets
upplemented with alternative proteins derived from plants com-
ared to traditional ﬁshmeal based diets (Ketola and Harland, 1993;
ernandez et al., 2004; Brinker and Reiter, 2011; Davidson et al.,
013). During the present study, excess phosphorous in the cul-
ure water and wastewater of RAS associated with the FM diet
as likely related to the ingredient proﬁle of the diet (mainlyngineering 75 (2016) 1–13
ﬁshmeal inclusion), because additional phosphorous was not sup-
plemented in this formulation. The FMF  diet used during this study
contained lower intrinsic phosphorous levels due to the ingredient
proﬁle (Barrows et al., 2014), which allowed phosphorous con-
tent to be ﬁne-tuned to meet but not far exceed the physiological
requirements of the ﬁsh, which resulted in limited phosphorous
excretion. Similar results were described by Brinker and Reiter
(2011). The lower phosphorous levels produced by feeding the FMF
diet have implications for the feasibility of using this diet formu-
lation for walleye production in RAS, particularly in states with
stringent phosphorous discharge requirements such as Wisconsin
(Wisconsin DNR Bureau of Water Quality, 2012). Reduced phospho-
rous discharge resulting from diet optimization could effectively
reduce the level of technology required to mitigate waste dis-
charge, thereby reducing the capital investment associated with
waste treatment.
In addition to reduced phosphorus concentrations, levels of
several other parameters were signiﬁcantly lower indicating addi-
tional advantages of this FMF  diet. For example, the true color index
value of the water was  lower (P < 0.05) in RAS fed the FMF  diet and
UV transmittance was  greater (P < 0.05), indicating slightly clearer
culture water. This ﬁnding is supported by Schuster (1994), who
found that ﬁshmeal contributed to the brown or colored water typ-
ically observed in RAS, while an alternative protein source (plant
meal) did not stain the water. Colored water is not necessarily a
disadvantage for ﬁsh performance (particularly for a species like
walleye that has specialized sight) but clearer culture water could
enhance the ability of the ﬁsh to see, feed optimally, and grow
(Sigler et al., 1984) and allows the farmer to observe ﬁsh health,
behavior, and feeding activity (Christensen et al., 2000).
Additional advantages appear to have resulted through opti-
mization of the micronutrient proﬁle of this FMF  diet. For example,
dissolved barium and copper were signiﬁcantly lower in the culture
water of RAS associated with this FMF  diet. The absence of a nega-
tive effect on growth performance indicates that nutrient levels in
both diets were sufﬁcient to maintain ﬁsh health, while also lim-
iting the release of excess dissolved metals into the culture water.
Davidson et al. (2009) found that dissolved metals likely originat-
ing from micronutrients in the feed accumulated in RAS operated
with low ﬂushing rates. Dissolved metals such as copper and zinc
can be toxic to ﬁsh at relatively low concentrations; therefore, ﬁne-
tuning these feed ingredients can limit potential negative impacts
to ﬁsh performance, health, and welfare in low exchange RAS, as
appeared to be the case during the present study. It should be noted
that dissolved sulfur was  greater (P < 0.05) in the culture water of
RAS associated with the FMF  diet, but the difference between treat-
ments was only 2 mg/L. Literature describing the effects of various
metal and nutrient concentrations on walleye is limited, particu-
larly in the context of culture in RAS; however, the concentrations
measured during the present study would not be expected to neg-
atively impact other cultured species, e.g., rainbow trout (Davidson
et al., 2009).
Little to no information is available regarding the tolerance
of walleye to nitrate, which accumulates as an end-product of
nitriﬁcation in RAS lacking denitriﬁcation technologies. Conﬂicting
recommendations are available for pikeperch. For example, Schram
et al. (2014) suggested an upper threshold of nitrate-nitrogen (NO3-
N) for juvenile pikeperch of 350 mg/L, but Müller-Belecke et al.
(2013) noted a possible upper limit of 68 mg/L NO3-N based on
observations of reduced feed intake of subadult pikeperch. During
the present study, maximum NO3-N was  approximately 60 mg/L
and mean NO3-N was  < 40 mg/L for both treatments and there-
fore below these recommendations; however, as the potential to
intensively culture walleye in RAS is further explored, additional
research would be useful to determine a nitrate threshold speciﬁc
for walleye.
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The FMF  diet required signiﬁcantly more sodium bicarbonate to
aintain system alkalinity near 200 mg/L, which is important for
aximizing nitriﬁcation within the bioﬁlter, as autotrophic bacte-
ia utilize alkalinity as part of the chemical conversion of ammonia
itrogen to nitrate. A similar phenomenon was observed during
 previous on-site study comparing a ﬁshmeal-based diet and a
shmeal-free, grain-based diet for rainbow trout (Davidson et al.,
013). For that study, the authors speculated that the increased
se of NaHCO3 was related to increased nitrogen loading on the
ioﬁlters, as instigated by feeding a grain-based diet. In the present
tudy, total nitrogen was slightly lower in the culture water of RAS
ssociated with the FMF  diet. Therefore, the need for increased
ddition of NaHCO3 could not have been related to nitrogen load-
ng. In retrospect, it could be that the ingredient proﬁles of protein
eplacement diets generally contain lower levels of bicarbonate and
herefore result in a greater need for supplementation. This seems
o be a relatively minor issue, but the necessity for adding NaHCO3
o control alkalinity does translate into additional operational cost.
.4. Waste production
Mass balance calculations for total phosphorus produced per kg
eed reﬂected the same trend as measured for the culture water;
pproximately half (46%) the phosphorous waste was produced
er kg feed in RAS associated with the FMF  diet compared to the
M diet. Similar results were reported in Davidson et al. (2013)
hen comparing a ﬁshmeal-based diet to a ﬁshmeal-free diet fed
o rainbow trout in RAS. The results of the present study provided
dditional evidence of the potential beneﬁts gained by feeding an
lternative protein, low phosphorous diet with this formulation
o walleye. As previously mentioned, the reduced phosphorous
aste loads associated with this FMF  diet have implications for
he feasibility of using RAS for walleye production, particularly
n states with stringent phosphorous discharge requirements. All
ther waste production results (TSS, TN, and BOD) were similar
P > 0.05) between treatments; however, trends were apparent that
ndicated slightly lower TSS and BOD production per kg feed rela-
ive to feeding this FMF  diet. Even mildly lower concentrations of
hese wastes could be advantageous for ﬁsh performance, system
peration, and waste treatment.
.5. Drum ﬁlter operation
There were no differences (P > 0.05) in drum ﬁlter operation
cumulative backwash volume or number of backwash events)
etween diets. Data suggest a potential trend towards the FMF  diet
equiring slightly increased drum ﬁlter backwash cycling and water
se (Table 7). A difference in drum ﬁlter operation based on solids
n the culture water could have been related to particle size distri-
ution (PSD), because TSS concentrations measured in the culture
ater were similar (P > 0.05) between treatments (Table 4). Unfor-
unately, PSD analysis of the culture water was not conducted to
larify these questions; however, this assertion may  be supported
y several studies that have shown that diets formulated with alter-
ate proteins, especially plant-based ingredients, can result in less
table ﬁsh fecal material that disintegrates into ﬁne particles in the
ulture water (Brinker and Friedrich, 2012; Davidson et al., 2013).
lthough, poultry meal was the primary replacement ingredient
n the FMF  diet used during this study, this diet also used sub-
tantial portions of soy and corn protein concentrate, which might
ave affected the stability of the fecal matter and subsequently the
article size distribution in the RAS.ngineering 75 (2016) 1–13 11
4.6. Product quality
Diet type did not have a measureable impact on ﬁllet yield. Mean
ﬁllet yield (skin and scales on) was  approximately 48% for walleye
fed each diet. In addition, there were no measureable differences
in proximate composition for walleye fed the FM and FMF diets.
Both diets produced lean ﬁllets with protein content >21% and fat
content <3%. Summerfelt and Clayton (2007) found signiﬁcant dif-
ferences in relative ﬁllet weight (weight of skinless ﬁllet relative to
whole body weight), with the highest values for ﬁsh fed ﬁsh oil or
soy oil, and the lowest for ﬁsh fed oil from microalgae. Walleye ﬁllet
yield during that study was 24.5–29.6% for skinless ﬁllets, com-
pared to 47.1 and 48.8% (FM and FMF, respectively) in the present
study, which, however, was  for ﬁllets with scales and skin on. Scales
and skin may  contribute 10.8 (females) to 13.0% (males) of the
ﬁllet weight (Summerfelt et al., 1996). Zakes´ et al. (2012) mea-
sured a skin-on ﬁllet yield of approximately 54% for large pikeperch
(>1.35 kg) cultured in RAS. The ﬁndings of Zakes´ et al. (2012) and
the results of this study suggest that approximately 50% skin-on
ﬁllet yield can be expected for market-size Sander species that are
intensively cultured.
There were no obvious visual differences in ﬁllet color between
treatments. All ﬁllets exhibited a light white or almost translucent
color. However, digital analysis of ﬁllet color elucidated mild differ-
ences between treatments. Walleye fed the FMF  diet had ﬁllets that
exhibited slightly more lightness (L*) of color. Values indicative of
yellow color (b*) were signiﬁcantly different between treatments,
but in the negative range for ﬁllets of walleye fed each diet, indicat-
ing no noticeable yellowing of the ﬁllets (Pathare et al., 2013). This
was important because the FMF  diet contained corn protein con-
centrate, which adds yellow carotenoid pigments to the feed and
has been found to cause yellowing of rainbow trout ﬁllets (Gatlin
et al., 2007). The yellowish hue was apparent in the skin of wall-
eye fed the FMF  diet, but the golden color was not transferred to
the ﬁllet. Walleye fed the FM diet had a greenish skin color more
common to wild ﬁsh.
Interestingly, gonadosomatic index was signiﬁcantly greater
for walleye fed the FMF  diet. In general, GSI was  relatively low
(<1.0%) for both treatments; however, accelerated walleye matura-
tion should be avoided because it could lead to decreased product
quality and reduced growth rates, as is common with other matur-
ing aquaculture species such as rainbow trout and Atlantic salmon
(Davidson et al., 2014, 2016a). Photoperiod, which can have a strong
inﬂuence on the timing of ﬁsh maturation, was tightly controlled.
Light measured just above the water’s surface was  0 Lux (Foot
Candle Lux Meter, Extech Instruments, Nashua, NH, USA), indi-
cating that the only light inﬂuencing tank photoperiod was that
provided by underwater lights. The accumulation of hormones in
low exchange RAS (Good et al., 2014; Mota et al., 2014) is another
possible explanation; however, all RAS were operated with similar
ﬂushing rates, thus a difference in hormone concentrations in the
culture water was unlikely. Aside from lighting and hormone accu-
mulation, the possibility of trace hormone levels contained in the
ingredients of the FMF  diet cannot be ruled out. These questions
require further investigation.
Lastly, the ﬁllets of walleye fed the FMF  diet were found to
have a signiﬁcantly greater ratio of omega-6 to omega-3 fatty acids
(Table 10). This difference appears to be directly related to diet
because the n-6:3 ratio was  also greater (albeit not signiﬁcantly
due to wider variation) in the feed of the FMF  diet. Poultry oil
was used to replace approximately 67% of ﬁsh oil in the FMF  diet
compared to the FM diet (Table 1), thus differences in the fatty
acid proﬁle between treatments were not surprising. While the
trend for increased n-6 may  seem contrary to that of a healthy
diet (Simopoulos, 2002), particularly for seafood consumers, these
results should be considered with perspective. Walleye, much like
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ilapia (Young, 2009), are not a good food delivery system for fatty
cids due to the low lipid content of their ﬂesh. For example the n-3
nd n-6 concentrations available in walleye ﬁllets during this trial
ere at least 5 times lower than those measured in Atlantic salmon
llets during a similarly designed, on-site diet study (author’s per-
onal data, unpublished). Thus, the ratio of n-6:3 fatty acids is
lightly shifted, but the amount of n-6 available per serving is quite
ow. As demonstrated by Kowalska et al. (2010) the fatty acid ratio
n pikeperch ﬁllets (as an example for walleye) can vary depending
n selection of alternate dietary lipids, whereas the best fatty acid
atio for pikeperch was produced by a diet that included ﬁsh oil with
ome replacement by soy oil compared to diets with partial lipid
eplacement by linseed, peanut, and vegetable oils. However, dur-
ng the present study soy oil was not selected as an ideal alternate
ipid due to cost, as well as its perceived lack of sustainability by the
onterey Bay Aquarium Seafood Watch (Monterey Bay Aquarium,
016). On the other hand, poultry oil was recognized as a poten-
ially cost-effective ingredient, and partial replacement of ﬁsh oil
ith poultry oil effectively reduced the ﬁsh in: ﬁsh out ratio of
alleye fed the ﬁshmeal-free diet.
. Conclusions
To the authors’ knowledge, little to no published work has
ssessed the complete replacement of ﬁshmeal protein in wall-
ye diets, particularly in conjunction with culture of this species
n RAS. The low phosphorous, ﬁshmeal-free diet evaluated during
his study resulted in similar walleye growth performance, survival,
eed conversion, and ﬁn health compared to a traditional ﬁshmeal
ased diet. In many respects, feeding this ﬁshmeal-free diet also
esulted in comparable food quality metrics, e.g. equivalent ﬁllet
omposition and yield to that of walleye fed a ﬁshmeal-based diet.
he ﬁshmeal-free diet evaluated during this study also provided
everal water quality advantages; most importantly, it resulted
n about half the phosphorous in the culture water and in the
otal waste load ﬂushed from the recirculation aquaculture systems
ompared to the ﬁshmeal-based diet. Overall, the study indicates
hat this ﬁshmeal-free diet formulation can be effectively used for
roduction of food-sized walleye in RAS and that phosphorous dis-
harge would be reduced, thus increasing the feasibility of meeting
tringent phosphorous efﬂuent requirements and possibly reduc-
ng the capital investment to treat wastewater from a RAS facility.
hese outcomes may  lead to increased opportunities to site com-
ercial walleye facilities planning to use similar diet formulations
nd culture conditions at many locations across the U.S and abroad.
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